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Background: There is growing interest in the role of intramuscular fat and how it may inﬂuence clinical
outcomes. Vastus medialis (VM) is a functionally important quadriceps muscle that helps to stabilise the
knee joint. This longitudinal study examined the determinants of VM fat inﬁltration and whether VM fat
inﬁltration inﬂuenced knee cartilage volume.
Methods: 250 participants without any diagnosed arthropathy were assessed at baseline between 2005
and 2008, and 197 participants at follow-up between 2008 and 2010. Ambulatory and sporting activity
were assessed and magnetic resonance imaging (MRI) was used to determine knee cartilage volume and
VM fat inﬁltration.
Results: Age, female gender, BMI and weight were positively associated with baseline VM fat inﬁltration
(P  0.03), while ambulatory and sporting activity were negatively associated with VM fat inﬁltration
(P  0.05). After adjusting for confounders, a reduction in VM fat inﬁltration was associated with a
reduced annual loss of medial tibial (b ¼ 10 mm3; 95% CI 19 to 0 mm3; P ¼ 0.04) and patella
(b ¼ 18 mm3; 95% CI 36 to 0 mm3; P ¼ 0.04) cartilage volume.
Conclusion: This community-based study of healthy adults has shown that VM fat inﬁltration can be
modiﬁed by lifestyle factors including weight loss and exercise, and reducing fat inﬁltration in VM has
beneﬁcial effect on knee cartilage preservation. The ﬁndings suggest that modifying VM fat inﬁltration
via lifestyle interventions may have the potential to reduce the risk of knee OA.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Obesity is the singlemost importantmodiﬁable risk factor forknee
osteoarthritis (OA)1,2. Varied measures of adiposity, including the
body mass index (BMI), fat distribution (waist circumference and
waist to hip ratio) and body composition measures such as fat mass,
have all been associated with knee OA3e7. Although these results
suggest that global measures of adiposity are detrimental to the knee
joint, they cannot discriminate whether local measures of adiposity,
such as the amount of fat in a muscle, inﬂuences articular structures.F.M. Cicuttini, Department of
ublic Health and Preventive
rne, VIC 3004, Australia. Tel:
ternational. Published by Elsevier LAlthough not widely examined, there is growing interest in the
role of intramuscular fat and how it may inﬂuence clinical out-
comes. Despite sarcopenia and intramuscular fat inﬁltration both
occurring with aging8e11, the relative contribution of each
morphological change in inﬂuencing local muscle size and function
is unclear. A predominant replacement of muscle with intramus-
cular fat may give a false impression, as muscle size may appear to
be maintained but muscle function may have been impaired. Thus
it has been speculated that fat inﬁltration can account for differ-
ences in muscle strength not attributable tomuscle size11. In a large
prospective study of older adults, greater intramuscular fat content
of the mid-thigh, deﬁned by attenuation characteristics on
computed tomography (CT), was associated with the limitation of
mobility12. Similarly, greater intramuscular fat content of the thigh,td. All rights reserved.
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quadriceps extensor strength and reduced muscle perfor-
mance11,13,14. Therefore, although fat inﬁltration of muscle may be
an important determinant of muscle properties and function, it is
unclear how intramuscular fat may inﬂuence articular structures,
or whether intramuscular fat may be modiﬁable by lifestyle ap-
proaches such as exercise and weight loss in community-based
adults. Vastus medialis (VM) is a functionally important quadri-
ceps muscle that primarily acts to stabilise the patellofemoral
joint15,16, but has also been associated with tibial cartilage volume
and risk of total knee joint replacement17. Intramuscular fat inﬁl-
tration of VM may therefore impair quadriceps strength and
function, destabilising the knee joint with potential structural
consequences such as the loss of articular cartilage.
The aim of this community-based longitudinal MRI study of
healthy adults was to 1) examine the determinants of VM fat
inﬁltration and 2) determine whether VM fat inﬁltration was
associated with knee cartilage volume.
Methods
Study population
250 participants (74% women) were recruited by advertising in
the local press, at public hospitals, in the waiting rooms of private
weight loss/obesity clinics, and through community weight loss
organisations inMelbourne, Australia. As the aimof theparent study
was to examine the effect of signiﬁcant weight change on knee
structure and symptoms18, we enriched the population for obese
participants, and recruited those who were aiming to lose weight,
using different methods of weight loss, from surgical to commercial
weight loss programsaswell as thosewhowerenotplanningweight
loss. The inclusion criterion was age 25e60 years. Subjects were
excluded (at baseline or follow-up) if there was a history of any
arthropathy diagnosed by a medical practitioner (including in-
ﬂammatory arthropathies or mechanical joint derangements such
as ligamentous tears), prior surgical intervention to the knee
including arthroscopy, previous signiﬁcant knee injury requiring
non-weight bearing therapy or requiring prescribed analgesia, ma-
lignancy or contraindication toMRI. Study participants attended the
study centre for a baseline and follow-up visit. Baseline assessment
was performed at 2005 to 2008, and incorporated MRI, anthropo-
metric measures, pedometer and questionnaire data (see below). At
follow-up between 2008 and 2010, reassessment with MRI,
anthropometric measures and a measure of both ambulatory and
sporting activity were recollected. The median time between base-
line and follow-up assessment was 2.3 years (range 1.6e3.9 years).
197 subjects (78%) completed the follow-up. The study was
approved by Alfred Hospital Human Research and Ethics committee
(HREC), the Monash University Human Research Ethics Committee
and Austin Health Human Research and Ethics Committee. All par-
ticipants gave informed consent.
Anthropometric data
Weight was measured to the nearest 0.1 kg (shoes, socks, and
bulky clothing removed) using a single pair of electronic scales.
Height was measured to the nearest 0.1 cm (shoes and socks
removed) using a stadiometer. From these data, body mass index
[BMI (kg m2)] was calculated.
Magnetic resonance imaging
Magnetic resonance imaging (MRI) of the dominant knee was
performed. Knees were imaged in the sagittal plane on a 1.5-Twhole body magnetic resonance unit (Philips, Medical Systems,
Eindhoven, the Netherlands) using a commercial transmit-receive
extremity coil. The weight limit for the machine is 150 kg. The
following sequence and parameters were used: T1-weighted fat
saturation 3D gradient recall acquisition in the steady state (58ms/
12ms/55, repetition time/echo time/ﬂip angle) with a 16 cm ﬁeld
of view, 60 partitions, 512 512matrix and acquisition time 11min
56 s (one acquisition). Sagittal images were obtained at a partition
thickness of 1.5 mm and an in-plane resolution of 0.31  0.31 mm
(512  512 pixels).
Amusculoskeletal radiologist (YW)with over 15 years experience
using structural outcomes determined by MRI in epidemiological
studies supervised, trained and independently monitored measure-
ments. One observer (PW), trained by the radiologist, measured the
VM musculature. All measures were cross-checked by a second
observer blinded to the characteristics of participants and previous
assessment. The radiologist reviewed allmeasures.Where therewere
any signiﬁcant discrepancies, themeasureswere repeated. Thickness
of VM was measured directly from sagittal MR images using Osirix
(University of Geneva). The thickness was measured at 8.0 cm supe-
rior to the bottom of medial condyle of the femur, orthogonal to the
long axis of the leg, on ﬁve consecutive sagittal slices in themiddle of
VM. The average of the maximal two measures on two consecutive
sliceswas taken as theﬁnal result. The level of 8.0 cmwas chosen as it
was the highest level of VM visible across all participants. The inter-
observer and intra-observer reproducibility was 0.99. Absolute
change in VM thickness was determined by subtracting the baseline
value from the follow-up measure.
Fat inﬁltration of VMwas assessed by counting the number of fat
lesions on the same slices that VM thickness was measured from.
Fat lesions were deﬁned if there was any hypointense streak within
VM. A fat lesion was considered to be prevalent if it was 1 cm in
length, or0.5 cm inwidth when it was <1 cm in length (see Fig.1).
Reproducibility of fat lesion measurement was assessed on 50
randomly selected subjects by an alternate reader, 1 week apart.
The inter-observer and intra-observer reproducibility was 0.97. At
baseline, the number of fat lesions were further categorised into
three groups: 0e4 lesions (38.7% of cohort), 5e8 lesions (28.2% of
cohort) or  9 lesions (33.1% of cohort). A reduction in fat inﬁltra-
tion was indicated to have occurred when there had been at least a
two lesion reduction at follow-up.
Cartilage volume and bone size were determined by manually
drawing the contours around the cartilage and bone boundary on
T1-weighted sagittal and transformed axial images, using inde-
pendent workstation software Osirix (University of Geneva)19.
Measurement was done by one trained observer with forty random
cross checks blindly performed by an independent trained
observer. The coefﬁcient of variation (CV) was 3.4% for the medial
and 2.0% for the tibial cartilage volume20, 2.1% for patella cartilage
volume, 2.3% for medial and 2.4% for lateral tibial bone area, and
2.2% for patella bone volume5. Annual cartilage volume loss was
calculated as follows: (cartilage volume at baseline e cartilage
volume at follow up)/time between scans.
Ambulatory activity
Ambulatory activity was measured via pedometer data and
questionnaire at baseline. Pedometer data was collected over 7
consecutive days following baseline assessment in which partici-
pants were familiarized with the use of the pedometer (Omron HJ-
003 and HJ-102, Omron Healthcare, Kyoto, Japan). Pedometers
were worn on the waist-band or belt and were calibrated using a
100-pace walking test.
Participants were provided with a pedometer diary and recor-
ded their steps daily. The start and ﬁnish times of pedometer use
Fig. 1. Fat lesions in VM A: normal and B: presence of fat inﬁltration.
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duration and reason for any periods in which they did not wear the
pedometer. Finally, participants reported any circumstances that
may have affected a pedometer reading. Total number of stepswere
summed, and divided by the number of days the pedometer was
worn to give the average number of steps per day.
At baseline and follow-up, subjects were asked to nominate how
many kilometres they walked recreationally per week on average
over the past year. Responses were categorical with 1) less than
1 km; 2) 1e5 km; 3) 5e10 km and 4) Greater than 10 km. Baseline
values were subtracted from follow-up values. An increase of two
or more categories was considered to be an increase in ambulatory
activity.
Sporting activity
Sporting activity was assessed by a questionnaire. At baseline
and follow-up, subjects were asked to nominate how many hours
per week of sport they performed on average over the past year,
nominating a crude composite of both the duration and intensity of
sport. Responses were categorical with 1) none 2) 1 h per week of
either bowls, cycling or swimming etc… 3) 2þ hours of the previ-
ous or 1 h of aerobics or squash etc… or 4) 2þ hours of aerobics or
squash etc… An increase of 2 or more categories was considered to
represent increased participation in sporting activity.
At baseline, subjects were also asked to nominate how many
weight-bearing or non-weight bearing sports they had participated
in on at least ten occasions in the preceding year. Examples of
weight-bearing sports included tennis, basketball, netball etc; ex-
amples of non-weight-bearing sports included swimming and
cycling.
Statistical analysis
Ordinal regression analyses were used to examine the cross-
sectional relationships between VM fat inﬁltration (three cate-
gories) at baseline and subject characteristics such as BMI, gender,
age, ambulatory and sporting activity. The association between VM
fat inﬁltration and cartilage volume at baselinewas examined using
linear regression analyses, with adjustment for gender, baseline
age, weight, bone area and a measure of ambulatory and sporting
activity. The associations between modiﬁable variables and areduction in VM fat inﬁltrationwere examined using binary logistic
regression, while the associations between a reduction in VM fat
inﬁltration and knee cartilage volume change was examined using
linear regression analyses, where cartilage volume change was the
continuous outcome measure. A P-value of less than 0.05 (two-
tailed) was considered statistically signiﬁcant. All analyses were
performed using the SPSS statistical package (standard version 21.1,
SPSS, Chicago, IL, USA).
Results
Two-hundred and ﬁfty subjects were recruited at baseline
(Table I). The sample predominantly comprised females (74%) and
the average age was 45.8 (±9.3) years with a mean BMI of 34.1
(±9.6) kg m2. One-hundred and ninety-seven subjects completed
the study (75 % female). Other than baseline age, there were no
signiﬁcant differences between people who completed the study
(46.8 (±8.9) years) and those who did not (41.7 (±9.8) years)
(P < 0.01 for difference). Reasons for loss to follow-up included 25
withdrawing from the study, six relocating, 16 unable to be con-
tacted at follow-up and six ineligible (three fell pregnant, one
required a permanent pacemaker, one developed a malignancy
while one was diagnosed with Parkinson's Disease). Change data is
also shown in Table I. Forty-nine percent of the cohort lost weight
(>0 kg) over the study period. The average change inweight for the
entire cohort was2.7 (±10.4) kg. A reduction in VM fat inﬁltration
occurred in 25% of the cohort, while 24% of subjects increased their
ambulatory activity and 28% increased their sporting activity.
The baseline associations between subject demographics,
measures of obesity and ambulatory and sporting activities are
shown in Table II. After adjustment for confounders, advancing age
(b¼ 0.04; 95% CI 0.0 to 0.1; P¼ 0.03), female gender (b¼ 1.9; 95% CI
1.2 to 2.6; P < 0.01), greater BMI (b ¼ 0.1; 95% CI 0.1 to 0.2; P < 0.01)
andweight (b¼ 0.1; 95% CI 0.0 to 0.1; P< 0.01) were all signiﬁcantly
associated with greater baseline VM fat inﬁltration. Likewise,
higher participation in ambulatory activity (number of kilometres
walked per day (b ¼ 0.3; 95% CI 0.6 to 0.0; P ¼ 0.03 and the
average number of steps/day (b ¼ 0.20; 95% CI 0.4 to 0.0;
P ¼ 0.05)) were all associated or tended to be associated with less
VM fat inﬁltration. Similarly, sporting activities (hours per week
(b¼0.4; 95% CI0.7 to0.1; P< 0.01); number of weight-bearing
sports participated in at least 10 times a year (b¼0.3; 95% CI0.5
Table I
Subject characteristics at baseline and change over the study period
Baseline N ¼ 250 Follow-up N ¼ 197 Change N ¼ 197
Age (years) 45.8 (9.3) e e
Gender (% female) 74 75 e
BMI (kg m2) 34.1 (9.6) 32.8 (9.0) 0.98 (3.8)
Weight (kg) 95.1 (27.1) 90.7 (24.7) 2.7 (10.4)
Average fat lesions 7.0 (5.3) 6.9 (4.8) 25%*
VM thickness (cm) 5.2 (0.7) 5.1 (0.7) 0.1 (0.4)
Ambulatory activity
Average steps/day (n ¼ 177) 8786 (3766) N/A N/A
Number of km walked/week (%)
<1 12.1 12.7 24%y
1e5 36.4 34.9
5e10 27.5 24.7
>10 23.9 27.1
Sporting activity
Number of hours per week of sport (%)
None 43.5 41.5 28%y
1 h per week of bowls, cycle or swim 19.9 13.4
2þ hours of above or 1 h aerobics/squash etc… 22.0 20.1
2þ hours per week of aerobics/squash etc… 14.6 25.0
Number of weight bearing sports participated in at least 10 times/year (%)
0 33.6 N/A N/A
1 28
2 19.6
3 or more 18.8
Number of non-weight bearing sports participated in at least 10 times/year (%)
0 34.8 N/A N/A
1 40.4
2 18.4
3 6.4
Cartilage volume (mm3) Annual
Medial tibial 1528 (393) 1480 (385) 21 (28)
Lateral tibial 1908 (554) 1871 (553) 15 (32)
Patella 3248 (1056) 3100 (1021) 64 (47)
Bone area (mm2)
Medial tibial 1923 (283) N/A N/A
Lateral tibial 1478 (231) N/A N/A
Bone volume (mm3)
Patella 10,971 (2581) N/A N/A
Mean (standard deviation) unless stated otherwise.
N/A e data not collected at follow-up.
* Reduction in VM fat inﬁltration (%) (i.e., a reduction of at least 2 inﬁltrative fat lesions).
y Increase in km walked/week (%) or hours of sport/week (%).
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in at least 10 times a year (b ¼ 0.3; 95% CI 0.6 to 0.0; P ¼ 0.05))
were associated with less baseline VM fat inﬁltration.
The longitudinal associations between measures of obesity and
activity are also shown in Table II. After adjustment for potential
confounders, there was a tendency that participants with increased
BMI (OR 0.92; 95% CI 0.84e1.01, P ¼ 0.09) and weight (OR 0.97; 95%
CI 0.94e1.00, P¼ 0.09) were less likely to have a reduction in VM fat
inﬁltration. In contrast, participants with increased kilometres
walked per week tended to have a reduction in VM fat inﬁltration
(OR 2.3; 95% CI 1.0e5.4, P ¼ 0.05).
The associations between VM fat inﬁltration and knee cartilage
volume are shown in Table III. At baseline, after adjustment for
confounders, therewere no signiﬁcant associations between VM fat
inﬁltration and cartilage volume. A reduction in VM fat inﬁltration
was associated with a reduction in annual cartilage volume loss at
the medial tibia (b ¼ 12 mm3; 95% CI 21 to 3 mm3; P ¼ 0.01)
and patella (b ¼ 23 mm3; 95% CI 41 to 6 mm3; P < 0.01) in
univariate analyses, with a similar tendency observed for lateral
tibial cartilage (b¼9mm3; 95% CI18 to 0 mm3; P¼ 0.06). These
results did not change after adjusting for gender, baseline age,
respective bone area (bone volume at the patella), weight change,
VM thickness change and an increase in ambulatory and sporting
activities. For instance, a reduction in VM fat inﬁltration was
associated with a 10 mm3 (95% CI 0 mm3e19 mm3) and an 18 mm3
reduction (95% CI 0 mm3e36 mm3) in the annual rate of medialtibial and patella cartilage volume loss, respectively. The estimated
marginal means for the annual loss of cartilage volume according to
whether or not there was a reduction in VM fat inﬁltration is shown
in Fig. 2.
Discussion
This community-based study of healthy adults has demon-
strated that obesity and lower levels of ambulatory and sporting
activities were associated with greater VM fat inﬁltration at base-
line. Whereas an increase in ambulatory activity tended to be
associated with a reduction in VM fat inﬁltration longitudinally, an
increase in obesity measures tended to behave in the opposite di-
rection. A reduction in VM fat inﬁltration was signiﬁcantly associ-
ated with a reduction in the annual loss of knee cartilage volume at
the medial tibia and patella.
It has been demonstrated in a randomised controlled trial of
older adults that fat inﬁltration of the quadriceps occurring with
aging can almost be completely averted by regular physical activ-
ity10. Following neurological insult such as stroke or spinal cord
injury, endurance and resistance training has also been shown to
reduce the intramuscular fat of the quadriceps21e23. Our study
supported these ﬁndings by demonstrating that varying measures
of ambulatory and sporting activity were cross-sectionally associ-
ated with less VM fat inﬁltration in community-based adults.
Longitudinally, although there was a tendency for increased
Table II
The associations between demographic, obesity and physical activity measures and VM fat inﬁltration
Association between baseline variables and baseline VM fat inﬁltration (N ¼ 250)
Unadjusted regression b (95% CI) P Adjusted regression b (95% CI)* P
Age (years) 0.0 (0, 0) 0.90 0.04 (0.0, 0.1) 0.03
Female gender 1.2 (0.7, 1.8) <0.01 1.9 (1.2, 2.6) <0.01
BMI (kg m2) 0.1 (0.1, 0.2) <0.01 0.1 (0.1, 0.2) <0.01
Weight (kg) 0.0 (0.0, 0.1) <0.01 0.1 (0.0, 0.1) <0.01
Ambulatory activity
Number of km walked/week 0.7 (1.0, 0.5) <0.01 0.3 (0.6, 0.0) 0.03
Average steps/day 0.4 (0.6, 0.3) <0.01 0.2 (0.4, 0.0) 0.05
Sporting activity
Number of hours/week of sport 0.7 (1.0, 0.5) <0.01 0.4 (0.7, 0.1) <0.01
Number of weight-bearing sports participated in at least 10 times/year 0.6 (0.8, 0.4) <0.01 0.3 (0.5, 0) 0.02
Number of non-weight bearing sports participated in at least 10 times/year 0.5 (0.8, 0.2) <0.01 0.3 (0.6, 0) 0.05
Associations between a change in obesity and physical activity measures and a reduction in VM fat inﬁltration and (N ¼ 197)
Unadjusted Regression OR (95% CI) P Adjusted Regression OR (95% CI)y P
BMI (kg m2) 0.91 (0.83, 1.00) 0.04 0.92 (0.84, 1.01) 0.09
Weight (kg) 0.97 (0.94, 1.00) 0.04 0.97 (0.94, 1.00) 0.09
Increase in ambulatory activity (km walked/week) 2.1 (1.0, 4.7) 0.06 2.3 (1.0, 5.4) 0.05
Increase in sporting activity (hours of sport/week) 1.6 (0.7, 3.4) 0.24 1.6 (0.7, 3.6) 0.24
Weight and BMI adjusted for gender, baseline age, ambulatory (km/walked/week) and sporting activity (hours/week of sport).
Average steps/day adjusted for gender, baseline age, weight and sporting activity (hours/week of sport).
Weight bearing and non-weight bearing sporting activities adjusted for gender, baseline age, weight, VM thickness and ambulatory activity (km walked/week).
* Ordinal regression analyses: Adjusted for gender, baseline age, weight, VM thickness and ambulatory (km walked/week) and sporting activity (hours/week of sport). b
represents the regression coefﬁcient for ordinal regression analyses.
y Binary logistic regression: Adjusted for gender, baseline age, weight change (when change in BMI or weight is not the exposure of interest), increase in ambulatory and
sporting activity in single model.
Table III
The associations between VM fat inﬁltration and knee cartilage volume
A) Association between baseline VM fat inﬁltration and baseline cartilage volume (mm3) (N ¼ 250)
Unadjusted regression b (95% CI) P Adjusted regression b (95% CI)* P
Medial tibial 26 (70, 18) 0.24 4 (49, 41) 0.87
Lateral tibial 23 (88, 43) 0.49 4 (65, 57) 0.89
Patella 76 (159, 8) 0.08 25 (55, 105) 0.54
B) Association between a reduction in VM fat inﬁltration and annual cartilage volume change (mm3) (N ¼ 197)
Unadjusted regression b (95% CI) P Adjusted regression b (95% CI)y P
Medial tibial 12 (21, 3) 0.01 10 (19, 0) 0.04
Lateral tibial 9 (18, 0) 0.06 8 (18, 2) 0.11
Patella 23 (41, 6) <0.01 18 (36, 0) 0.04
Linear regression analyses. b represents the regression coefﬁcient for linear regression analyses.
* Adjusted for gender, baseline age, weight, respective baseline bone area (bone volume at patella) and both baseline ambulatory (km walked/week) and sporting activity
(hours of sport/week).
y Adjusted for gender, baseline age, respective bone area (bone volume at patella) and weight, and an increase in ambulatory and sporting activity.
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inﬁltration, there was no signiﬁcant association for sporting activ-
ity. This may in part be due to a crude means for determining an
increase in activity levels. The signiﬁcant cross-sectional associa-
tions between baseline VM fat inﬁltration and ambulatory or
sporting activities suggests that physical activity may modify VM
fat inﬁltration. Moreover, we have demonstrated that measures of
obesity are cross-sectionally associated with VM fat inﬁltration,
with a tendency for an increase in these measures to be associated
with a reduced likelihood of VM fat inﬁltration regressing. Lifestyle
modiﬁcation with exercise and weight loss may therefore help to
reduce VM fat inﬁltration, which has in turn been shown to modify
knee cartilage loss.
No previous study has examined the associations between
intramuscular fat and change in knee cartilage volume. Different
measures of obesity, such as the BMI, waist circumference, waist to
hip ratio and body composition measures such as fat mass, have all
been associated with knee cartilage volume and risk of OA3e7. This
is the ﬁrst study to demonstrate that a reduction in VM fatinﬁltration was associated with reduced loss of cartilage volume.
Although it may be speculated that this result simply reﬂects the
known beneﬁts of systemic weight loss on joint structure24, this has
been controlled for. In multivariate analyses, we have adjusted for
weight change. By doing so, our results suggest that the relation-
ship between reduced VM fat content and a reduced rate of knee
cartilage volume loss is independent of systemic weight loss, thus
inferring a localised beneﬁcial effect of reduced fat content in
supporting knee musculature. Nevertheless, further studies that
control for changes in body composition, such as fat mass, may help
to better substantiate the results observed in the current study and
delineatewhether the current results were confounded by systemic
changes in adiposity. Recently, it was shown that quadriceps
intramuscular fat is higher in people with knee OA25. This cross-
sectional study concluded that longitudinal data is required to
determine the association between structural decline and change
in quadriceps fat.We provide an extension of their results, and have
shown that reducing VM fat inﬁltration has beneﬁcial effect on
cartilage preservation by reducing the loss of knee cartilage
Fig. 2. Estimated marginal means for the annual loss of cartilage volume according to a
reduction in VM fat inﬁltration or not.
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reduced VM fat inﬁltration and annual change in cartilage volume
was large. Whereas the average annual loss of cartilage volume for
the entire cohort was 21 mm3 (±28) mm3 and 64 mm3 (±28) mm3
at the medial tibia and patella respectively, a reduction in VM fat
inﬁltration was associated with an annual reduction in cartilage
volume loss of 10 mm3 (95% CI 0e19 mm3) and 18 mm3 (95% CI
0e36 mm3) for the medial tibia and patella respectively. An
improvement in VM fat inﬁltration therefore represented an esti-
mated 48% reduction in the annual rate of medial cartilage volume
loss, and a 28% reduction in the annual rate of patella cartilage
volume loss.
Intramuscular fat is becoming recognised as an important
determinant of muscle morphology and function8e11, and can ac-
count for differences in muscle strength not attributable to muscle
size11. Greater intramuscular fat content of the mid-thigh has been
shown to be associated with mobility limitations12, lower quadri-
ceps extensor strength, self reported disability and symptoms25, as
well as a reduced muscle performance11,13,14. Therefore, it is
possible that a reduction in VM fat inﬁltration may help to improve
muscle performance and strength while reducing mobility limita-
tions. This may subsequently help to stabilise the knee joint and
minimise cartilage loss. VM is a functionally important quadriceps
muscle that primarily acts to stabilise the patellofemoral joint15,16,
but has also been associated with reduced tibial cartilage volume
loss and risk of total knee joint replacement17. We have substanti-
ated the important role of VM at both the patellofemoral and
tibiofemoral compartments by showing that a reduction in VM fat
inﬁltrationwas associated with a reduction in cartilage volume loss
for both compartments. The amount of VM fat inﬁltration may
reﬂect global changes occurring throughout the entire quadriceps
musculature, and is therefore not a VM speciﬁc phenomenon. Such
a hypothesis will require further investigation examining other
individual muscles, such as vastus lateralis, as well as potential
differential effects in different muscle groups, such as the
hamstrings.
This study has several limitations. We acknowledge the cate-
gorical and therefore potentially crude nature of ourmeasures of fat
inﬁltration and ambulatory and sporting activity. Nevertheless, theaverage number of steps/day measured using pedometer was
correlated with the nominated number of kilometres walked/week
at baseline (r ¼ 0.47, P < 0.01), suggesting that the crude mea-
surement of kilometres walked/week is a valid representation of
ambulatory activity. Any misclassiﬁcation of categorical data would
likely to be non-differential and thus have led to a diminished
ability of this study to show statistically signiﬁcant associations.
Moreover, we have ensured that an improvement in VM fat inﬁl-
tration and an increase in exercise required a minimum of a two
category improvement to be deemed a change. This translates to at
least a two lesion reduction in intramuscular fat, or an increase, for
instance, from walking 1e5 km/week to walking greater than
10 km/week to be considered an improvement in exercise. We also
acknowledge that we have not adjusted for a history of diabetes
mellitus, which may inﬂuence intramuscular fat26,27. We also
acknowledge the use of a T1-weighted fat suppressed MR to
examine fat, with the potential to have measured but not
discriminated between a visible signal both within the muscles
(intramuscular fat) and between muscles (intermuscular fat).
Future studies utilising chemical shift-based water/fat separation
methods, such as the iterative decomposition of water and fat with
echo asymmetry and least-squares estimation (IDEAL)28 or the
Dixon techniques29,30 may help to overcome such limitations. Our
use of a T1-weighted fat suppressed sequence is conservative and
would likely have underestimated the amount of fat, resulting in
non-differential misclassiﬁcation that would have underestimated
the associations observed in this study. Moreover, we have
measured tibial cartilage volume as it has been shown to be asso-
ciated with knee pain31, radiographic OA32 and knee joint
replacement33, and is also strongly correlated with femoral carti-
lage volume33,34. Finally, we have examined a populationwithout a
history of any diagnosed arthropathy (including inﬂammatory ar-
thropathies or mechanical joint derangements such as ligamentous
tears), prior surgical intervention to the knee including arthros-
copy, previous signiﬁcant knee injury requiring non-weight
bearing therapy or requiring prescribed analgesia. This is likely to
have excluded people with end-stage knee OA that could have
compromised our results.
This community-based study of healthy adults has demon-
strated that reducing VM fat inﬁltration helps to reduce knee
cartilage loss, and that a reduction in VM fat inﬁltration can be
modiﬁed by weight loss and exercise. Although requiring further
investigation, these ﬁndings may suggest that modifying VM fat
inﬁltration via lifestyle could reduce the risk of knee OA.Contributorship
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